Introduction
There is an astonishing variety of smooth muscles in the wall of viscera and vessels and in other organs; a list touches on every part of the body, with the exception of the central nervous system (Table  1) . As to the size of smooth muscles, the upper limit is related to the body size of the animal, and so the range in the volume, say, of the myometrium or the media of the aorta, from a shrew to a whale, is immense, even when the muscle serves a similar function. The lower limit in size is a single muscle cell, in effect an independent, self-contained contractile or motor unit. There are important variations in histologic architecture, many of them imposed by size constraints and functional roles (for example, the structural asymmetry between intimal and adventitial side of every muscle cell in small tubular organs, such as arterioles) (Bülbring et al., 1981) . Yet, all smooth muscle cells are relatively similar -in size, chemical composition, electrical properties and mechanical properties, in so many animal species, organs and functions. The total amount of smooth muscle in the human body is well over a kilogram (Table 2 ). There could be something in the region of 200-300 billion muscle cells in the human body.
A standing comparison with skeletal muscle has dominated the investigation of smooth muscle (striated muscles being by far better known and easier to study), because both of them, together with cardiac muscle, are powered by a protein motor made of actin and myosin.
In general terms, striated muscle is a good foil to highlight the properties of smooth muscles. In skeletal muscles, the fibres are slaves to the nerve that reaches them at the motor end plates. What the nerve dictates, the skeletal muscle fibre does. And -in an extreme simplification-either the nerve is conveying impulses and the skeletal muscle fibre then contracts, or the nerve is silent and the muscle fibre is then relaxed. This resembles a digital system, with only two possible states. In contrast, a smooth muscle cell receives a variety of stimuli, integrates them, and responds with a contraction whose nature depends on the results of calculations. Unlike skeletal muscle, smooth muscle resembles more an analogue system. Smooth muscle is sensitive to circulating substances (hormones), to substances released locally (local hormones), to transmitters from adjacent nerves and other cells, to temperature, to stretch; in some smooth muscles -but surely not in all-there is ionic coupling between muscle cells; and many muscles have some myogenic activity. Muscle cells are relatively independent movers that receive and act upon a variety of stimuli.
In addition, the mechanics of skeletal muscles (long cylindrical fibres, tendons, bone insertions, fasciae) appears simple by comparison with that of smooth muscles (minute spindle-shaped cells, no proper tendons, diffuse innervation, no fascia or capsule, many intercellular junctions). Both striated muscle fibres and smooth muscle cells are the effectors of muscular organs, the active players in specialized mechanical events; however, the mechanical properties of cells and those of fibres are fundamentally different.
Furthermore, smooth muscles, made though they are mainly (and sometimes entirely) of muscle cells, can comprise several other cell types, as I will discuss. That this should not be the case with skeletal (and cardiac) muscles is dubious; nevertheless, the non-muscle cells of smooth muscles have attracted a particular interest and much experimental work.
The present account of the structure of visceral muscles is focused at the cellular level, which may be an optimal one for understanding their physiology. Smooth muscles are tissues (the subject of histology); they are of mesenchymal origin (except for smooth muscles in the head and neck regions, which are of neural crest origin), and are made of muscle cells and other cell types. A smooth muscle, therefore, can be imagined as a society in equilibrium, with competition and co-operation between its cells, and much interaction. The functional performance is the outcome of a certain population dynamics, rather than the expression of the activity of any individual component. The relative position of various cells and their relations are crucial to the specific muscle function. The production of mechanical work by the protein motors of muscle cells and the interaction between the cells of the muscle are the two key aspects of these muscles' physiology.
Lastly, it is easy to underestimate the extent of the dynamic qualities of smooth muscles. Not only there are active and forceful changes in shape during muscle contraction (as well as passive changes in shape); there is also developmental growth and differentiation, which extend well into adulthood; and, throughout life, there is adaptive growth (and atrophy), which adjusts the muscle structure in response to actual functional demands. While the individual history leaves a mark in the structure of every single muscle, the evolutionary history is embedded in the potential for growth and adaptation present in these muscles.
Different types of muscle cells
As to the muscle cells themselves, the question arises whether, in a given muscle, they are all equivalent -functionally, metabolically, biochemically and in origin and fate. Early suggestions, for example of light and dark muscle cells, were inconsequential. In fact, the evidence available indicates that the muscle cell population is uniform within a given muscle (or muscle layer), without suggestions of clearly different muscle cells types (sub-populations of cells). Nevertheless, this uniformity is ill defined, and there are questions that remain to be explored. How uniform is the activation of muscle cells, within a defined population? How synchronously do they respond to stimulation? How are contraction and relaxation cycles matched in adjacent cells? Muscles with high electrical (ionic) coupling, such as the ileal circular musculature, are said to behave like a syncytium, which is an oversimplification but also a pointer to a uniformity in their response to stimuli. Smooth muscle cells are shown in every illustrations in this essay, and the images bear out the substantial uniformity of appearance.
Concerning the embryonic development of this mesenchymal tissue, the steps of differentiation are not yet well outlined and the separation of muscle cells from other cell lineages, especially those of other cell types present in the muscle itself, is poorly understood, but this is being investigated (Gershon, 2010) .
As to the late stages of differentiation of visceral muscles, for example, day 8 chick embryo gizzard or day 18 rat embryo ileum, all the major cell types can be recognized at that time; at the ultrastructural level the muscle cells appear to be all at an identical stage of differentiation, namely, they seem to be maturing simultaneously and at the same rate. Precursors or undifferentiated muscle cells are not left behind within the muscle for later development (unlike in some striated muscles). Although the longitudinal musculature develops later than the circular musculature in the intestine, the two muscles subsequently differentiate and mature at the same rate.
The uniformity of the muscle cell population is compatible with the occurrence of mitosis in mature muscle cells and with the degeneration of some muscle cells: both cell division and cell death are occasionally observed in any visceral muscle at all times of life. Also, in overload hypertrophy, visceral muscle cells not only can divide but also can double or treble their volume; however, some cells grow more than others and cell sizes come to spread over a wider range than in control tissues.
Visceral muscle cells
In situ and when not contracted, visceral muscle cells are very slender, more than a hundred times as long as they are wide, at considerable variance from the shape of many of these cells when they are excised and isolated in vitro, as single cells or as small bundles.
In a transversely sectioned muscle, fewer than one in twenty of the muscle cell profiles displays the nucleus; hence, on average and if the population is homogeneous in size, a muscle cell is more than twenty times longer than its nucleus, this measuring more than 25 micrometres in length in a distended muscle.
The cell volume is in the region of 2,000-4,000 cubic micrometres. The cells are only marginally larger in the longitudinal than in the circular layer of the guinea-pig ileum, and there is little varia- There is no evidence of branching of the tapering ends of muscle cells; an exception is found in some muscles, such as the guinea-pig tenia coli, where interdigitations link the cells end-to-end, and in those rare cases where a smooth muscle is inserted into a proper tendon (the ano-coccygeus muscle, the suspensor of the ovary, the chicken gizzard).
The ultrastructural appearance of the muscle cells is markedly altered when the muscle contracts. Characteristic appearances are observed in the intestinal muscle in isotonic contraction, in isometric contraction and in passive forms of contraction. To these, one could add the rather awkward appearance of the cells in excised segments of smooth muscle, when they are without the support of a mechanical framework.
In spite of the extreme shortening of a muscle in isotonic contraction (by as much as 80% of the resting length in the guinea-pig tenia coli), the extensive structural transformations are orderly and geometric, and, of course, reversible. The myofilaments remain roughly parallel to each other and to the length of the muscle, throughout the contraction. Notwithstanding the evidence supporting this view, the mainstream idea, and that found in textbooks, is that the myofilaments acquire a criss-cross pattern when the muscle cells shorten -a view that I regard as incorrect.
The muscle cells of the circular layer of the small and the large intestine are well endowed with gap junctions, while gap junctions are not found in the longitudinal layer. The evidence of gap junctions is based on three technical approaches: electron microscopy of thin sections, electron microscopy of freeze-fracture preparations, and immuno-histochemistry for connexin proteins: a cross-validation between at least two of these approaches is safer when demonstrating the presence of gap junctions.
The distribution of gap junctions in visceral muscles is thus quite variable, and some muscles have no gap junctions. Outside the gut, there are muscles that are rich in gap junctions (e.g., the sphincter of the pupil) or others that are devoid of gap junctions, notably the detrusor muscle of the bladder (para. 9). This conclusion is in contrast with the majority view among physiologists, according to which electrical coupling is present in all smooth muscles and gap junctions are a universal characteristic of all muscles, detrusor included (Hanani and Brading, 2000) . The morphological evidence does not support this generalization.
Musculature of ileum
The ileum, especially that of rats and guinea-pigs, has offered a standard example of a visceral smooth muscle (Fig. 1) . The uniform thickness of the muscle coat, its vast expanse and the orthogonal arrangement of layers are advantageous for morphological studies. The muscle cells, running longitudinally or circumferentially, are exactly parallel to the serosal surface, in the intestine at rest.
The musculature is subdivided into short bundles by laminar intramuscular septa: these are anchored to the fibrous elements of the submucosa and they extend only a short distance along the muscle, radially to the lumen. Thus, the individual muscle bundles merge and divide over a distance of only a few hundred micrometres. The musculature is fragmented by the intercalation of the extendible laminar septa, whose rigidity and pliability is imparted by a cross-ply arrangement of its collagen. This may be significant (by reference to the important mechanical function of a fascia in striated muscles), and points to the compactness of smooth muscles and the high cohesiveness of their cells. The pull provided by the contractile apparatus of the cell is transmitted, either as tensile force or as displacement, to dense bands at the cell surface, and from there to junctions with other muscle cells or to adhesive links between cell membrane and collagen fibrils and other elements of the stroma. Via the stroma and the intramuscular septa, the mechanical action of the contractile apparatus is transmitted to the submucosa, which -being pliable and deformable while made of strong inextensible elements, such as collagen fibres-functions as the skeletal element of the intestinal wall. This arrangement is remarkable: on the one hand, it imparts a considerable strength to the intestinal wall with the deployment of only a modest amount of connective tissue; on the other hand, it allows both the longitudinal and circular muscles -and in consequence the lumen of the gut too-to alter their shape and dimensions widely and without internal disruption.
In the circular layer, in addition to the main muscle cells, or principal muscle cells, there is a thin array (usually one-cell thick) of special muscle cells at the border with the submucosa (Fig. 1) . The accessory muscle cells have small sectional profile, are packed with mitochondria and myofilaments (but intermediate filaments are hard to detect, and myosin filaments are not clearly seen in most preparations, even when they are well preserved in the adjacent muscle layer), have no gap junctions and have a close relationship with axonal varicosities. This accessory circular musculature is already present in the embryonic life, it is present over the full length of the small intestine (from the pylorus to the ileo-colonic junction) but not in other parts of the gut, and it has been found in all the species studied. Whether these muscle cells represent a metabolically and mechanically different type of musculature, or whether their closeness to nerves and stromal elements such as elastic fibres gives them a special mechanical responsiveness, remain completely unclear. The problem is old (Li, 1937) but has attracted little interest.
Structural differences between longitudinal and circular muscle layer are known, but they have not been studied in detail. They include the absence of gap junctions in the longitudinal muscle layer.
Not very different in appearance is the muscularis mucosae, two very slender layers of small muscle cells, running longitudinally on the submucosal side and circularly on the mucosal side. There are no gap junctions between the muscle cells and, in general, contacts with nerves and other cells are rare.
Ileal circular muscle as a tissue
In addition to muscle cells, other cells are found within the circular muscle layer, such as fibroblasts, interstitial cells, pericytes, mast cells and, occasionally, some blood-borne cells (Fig.2) . Cells and processes of all type can lie very close to each other or can be separated by wide intercellular spaces. To what extent any contacts between the bodies or the processes of these various cells are permanent, rather than transient, and specific, rather than occasional, and form specific, rather than tentative or exploratory, junctions, is always difficult to tell.
Lymphatic and blood vessels are easily recognized, usually within the septa and in the gap between longitudinal and circular muscle. The vessels that are truly intramuscular are blood capillaries; they are characteristically located in the middle of the thickness of the layer and form a network equidistant from the submucosal and the serosal aspects of the muscle. Their cells are endothelial cells sealed together with well-developed tight junctions (unlike the endothelial cells of lymphatic capillaries): these junctions ensure that the exchanges between blood and interstitial fluid occur only across the endothelial cytoplasm. All capillaries are accompanied by pericytes: small, slender cells with regular digitations and laminar processes (para. 14).
Intramuscular nerves, or, more correctly, intramuscular axon bundles, run approximately parallel to the muscle cells; they are often associated with capillaries, with fibroblasts and with other non- muscle cells, and they are, quite commonly, associated with muscle cells, in a variety of configurations (Fig. 2) . Most of the axons are in membrane-to-membrane contact with each other, especially the thin ones (Fig. 2i) .
The glial cells (or Schwann cells, not to be confused with the enteric glial cells, also found in the intestinal wall), however extensive and intricate their laminar expansions, do not provide a wrapping to individual axons; this is at variance with what glial cells do in other muscles, such as the bladder detrusor, or even in the finest branches of the abdominal vagus nerve, just before it penetrates the gastric wall. The possible influence of the axons on each other, in the regions where they are tightly packed and not insulated, is unknown. Images of axolemmal specializations and sub-membrane clustering of vesicles, although not common, suggest the possibility of inter-axonal signalling.
Muscle cells, pericytes, fibroblasts, and glial cells can issue small cytoplasmic processes, laminar or more often finger-like, which abut onto adjacent cells or invaginate for some distance into them (Fig.  2a) . These processes may be permanent, but more likely they are transient, and they suggest an intense exploratory activity in many of the cells and the easy formation of contacts and appositions between different components. Slender expansions from muscle cells can penetrate into a myenteric ganglion or within an intramuscular axon bundle (Fig. 2h) . Processes from muscle cells are seen abutting on endothelial cells (Fig. 2b) , and vice versa.
However, the problem immediately arises of what the significance may be of a close contact, in the absence of other evidence. Closeness does not necessarily imply interaction, when no other evidence is at hand (as discussed in para. 12). d. An axon bundle consisting of a vesicle-loaded varicosity, a small axon (with two microtubules) and a small profile of glia, passes between the accessory muscle cells of the ileum circular muscle. One of the muscle cells extends a long flat projection that surrounds a large part of the varicosity. e. A vesicle-loaded axon, accompanied by a small glial expansion, lies fully surrounded by a fibroblast and its laminar processes. f. An intramuscular axon bundle, consisting of two axons and four glial elements. Both axons are full of vesicles and are close to the membrane of two muscle cells with a large part of their surface. The gap between axons and muscle cells is reduced to about 20 nm. g. An intramuscular nerve bundle, consisting of five axons and a small glial element. Two of the axons are expanded and contain clusters of vesicles, beneath the part of the membrane closest to a muscle cell. The gap between the axons and the muscle cell remains wide and is occupied by the two basal laminae and some collagen fibrils. h. A large cytoplasmic expansion from a muscle cell divides into two or three processes and penetrate into an axon bundle. i. An axon bundles (made of thirteen axons and a glial expansion) lies parallel to a muscle cell. Laminar fibroblast processes envelop together the bundle and the muscle cell. j. A fibroblast is spread tightly around an axon bundle (centre at top), and has several long, tapering, laminar expansions that extend between the muscle cells. Right in the centre there is a process from a muscle cell invaginating into the fibroblast. k. A fibroblast, with a triangular profile, lies adjacent to a large axon bundle, which contains some vesicleloaded axons. Some of the laminar processes of the fibroblast abut on muscle cells and form specialized junctions.
Quantitative data on muscle structure
Once the standard features of a muscle are examined in the electron microscope and the occurrence of several cell types is recognized, a way to make progress is to try and quantify the structural data; putting the observations on a more objective basis also facilitates comparisons between muscles and between species.
To this effect, a transverse section of the circular muscle (a transverse-longitudinal section of the ileal wall) can be photographed, area by area, in an electron microscope (usually at 4,000-8,000×) and the micrographs (enlarged photographically 2-3×) printed and assembled (taped together) into a montage that covers a large expanse of the muscle and the full depth of the muscle layer. The photographing of the section in overlapping areas is required in order to achieve a resolution adequate for the task, which would not be possible by simply enlarging a single image obtained at lower magnification. Important details in the areas covered by the montage can also be photographed in the same section, usually at 10,000-20,000×.
In a second step, sheets of tracing paper can be placed over the montage and the details of interest -in this case, the plasma membrane of all the elements of the preparation, and the nuclear envelopescan be traced in ink by hand.
The tracings can then be scanned in a flatbed scanner (usually in areas of A3 size, which are then stitched together electronically), generating grey-scale or bitmap files. Imported into a graphic program such as Micromedia Free Hand (or Adobe Illustrator), these can be transformed automatically into vector-based graphic files. Attempts at a direct automatic analysis of the micrographs have not been satisfactory. The hand tracing of the micrographs, however, can be advantageously replaced by tracing the micrographs on screen with a digitizing tablet (Wacom), a procedure that directly generates vector-based data.
After editing the files against the original micrographs for accuracy and to eliminate ambiguities, the individual elements of the tissue (muscle cell profiles, axon profiles, glial cell profiles, etc., which, in the language of the program, become "objects") can be placed into separate layers, where they can be handled as a group and independently from the other components. Various graphic displays are then possible, highlighting one or the other of the tissue elements ( Fig. 1) . Counts, measurements and other morphometric procedures can be carried out.
In these images -a composite of electron micrographs, hand tracing, digital processing and human selecting processes-the geometrical regularity of the structure becomes more apparent and is quantifiable, and the investigator is in a better position to explore the structural significance.
Innervation of ileal musculature
With the insight provided by montages and graphic displays of relatively large areas of musculature, the pattern of innervation of the small intestine becomes clearer (Fig. 1) . In a broad sense, the term innervation refers to the presence of nerves within the tissue (or, rather, of nerve fibres, or, more specifically, of axons); however, the simple presence of nerve fibres is of little interest in physiology and may be misleading. In a more restricted sense, innervation, or, rather, functional innervation, re-fers to structures involved in the immediate nerve control (directly or through an intermediary) of the contractile activity and in the afferent transmission from the muscle.
The intramuscular axon bundles found in the circular muscle layer are very long and run circumferentially at a very small angle to the long axis of the muscle cells; they form a plexus that has no points of termination. The bundles change in size (i.e., in cross-sectional area) by dividing or by merging with each other. Individual axons (i.e., axons running singly) are rare. There is no evidence of segregation of axons of similar type (e.g., sensory, or adrenergic, or inhibitory) within any given bundle: the axons seem to be bundled together indiscriminately. On a transverse section of the circular muscle, the number of axons (actually, the number of axon profiles) is quite large, roughly the same as the number of muscle cell profiles over the same sectional area, with variations that depend on region, on age and on the species.
There are no axon bundles directly connecting the submucosal and the myenteric plexus, although there are extensive links between the two sets of ganglia. It is probably the case that a large proportion of the intramuscular axons are in transit from one plexus to the other (even if they travel predominantly circumferentially), and are therefore not directly innervating the muscle. The actual proportion of axons that are in transit remains to be established; nevertheless, it could be argued that many of the axons within the circular muscle layer of the ileum do not form part of its functional innervation. The relations of axons and muscle cells of the circular layer are discussed in para. 13.
In contrast, the adjacent longitudinal muscle is devoid of axons. This layer is only 5-8 cell thick in the rat and guinea-pig ileum. It may be that exposed varicosities at the surface of myenteric ganglia and meshes (varicosities that are more numerous on this side of the plexus than on the side facing the circular muscle) can deliver neurotransmitters to the deepest of the longitudinal muscle cells. However, the other muscle cells of the longitudinal layer lie far from any axons. Even when the longitudinal muscle hypertrophies (oral to a partial obstruction of the intestine), doubling or trebling its thickness, axons do not usually penetrate into it.
Variation in muscle innervation
Before discussing further the innervation of the intestinal muscles it should help to consider other visceral muscles, especially those in which the innervation is most prominent.
The extent of innervation (the vaguest of terms) in various smooth muscles ranges widely: from an absence of nerves, in muscles such as the chick amnion (which consists entirely of smooth muscle cells plus some collagen and a mesothelial lining bordering the lumen) and the elastic arteries (where vast arrays of muscle cells act without influence from nerves), to muscles that are full of axons and contract strongly under the influence of nerves, such as the sphincter of the pupil or the detrusor muscle of the urinary bladder. In the latter organs, the strong influence of nerves and the behavioural control of the organ motility are matched by a high density and special features of their innervation.
However, we do not have an adequate way of defining the density of innervation, and the differences are expressed tentatively in terms of variation in several structural parameters related to the nervous tissue.
Detrusor muscle of bladder
If the small intestine is the best-known example of a visceral muscle with autonomous motor activity, the detrusor muscle of the urinary bladder is a prime example of a visceral muscle driven by extrinsic nerves. Here the organization of the musculature is more definite than in the intestine. There are regions where the muscle cells form a proper layer (especially in the ventral region, where a layer of longitudinal musculature lies cranial to caudal); in most regions the musculature consists of bundles, variably arranged at an angle to each other, and always parallel to the serosal surface. Within each bundle, the muscle cells are parallel to each other. The detrusor is devoid of a capsule either encasing the whole muscle or bounding individual muscle bundles.
Between the muscle cells there are no gap junctions identifiable by electron microscopy, hence my claim that the detrusor muscle is devoid of gap junctions, in the species and the conditions studied. No gap junctions are seen by immunohistochemistry for connexion 43, and none are found by electron microscopy (see para. 3). However, strong evidence supporting an opposite view is provided in the literature, especially in more clinically oriented papers (e.g., Imamura et al., 2009) .
Muscle contraction can be very extensive in the bladder, bringing about a change of the organ from full distension to reduction and then obliteration of the lumen. In the latter condition, the thickness of the detrusor muscle is much increased; ridges appear on its outer surface while its thickness remains uniform around the bladder; in contrast, the urothelium is thrown into tall and complex folds that contribute to reducing the lumen to zero.
In large animal species, including humans, (but not in laboratory animals) the connective tissue beneath the urothelium (tunica propria) contains conspicuous bundles of smooth musculature that amounts to a kind of muscularis mucosae and this tissue includes a rich variety of cells.
Innervation of rat bladder detrusor
Prominent in the detrusor muscle are the nerves. Five to ten large nerves reach the bladder on each side from the main pelvic ganglion and enter the organ at various points around the site of insertion of the ureter. The nerves divide repeatedly into trunks or bundles comprising progressively fewer axons and produce a branched pattern, a tree, the terminal branches of which are single axons.
The axons originate from neurons located both in the pelvic ganglion itself and in some of the dorsal root ganglia, being efferent or motor and sensory or afferent fibres, respectively. The different axons cannot be told apart, morphologically, and they travel together in what seems an indiscriminate mix. Additional axon bundles originate from small intramural ganglia present in the bladder of some species (para. 12). Large or small, the axons bundles, including their glial component, are surrounded by a single basal lamina.
A broad view of the muscle in a large transverse section shows the high spatial density of the innervation, the smallness of the axon bundles and their closeness to the muscle cells (Fig. 3) . Some of the intramuscular axons are gathered into bundles of 3-10, but the majority of axons run singly, usually accompanied by a slender glial cell process. More than eight out of ten are single axons in any transverse section of the muscle. The pattern of innervation is distinctly different from that found in the intestine.
Along their terminal segment, the axons, all unmyelinated, display series of expansions or varicosities, up to 2 micrometre wide, where the diameter increases by a large factor (sometimes a factor of ten); the thinner the axon in its inter-varicose segment, the larger the adjacent varicosities. In a transverse section of the muscle, about one quarter of the axons appear sectioned through one of their varicosities, which are loaded with small agranular vesicles (Fig. 4) . The packing density of axonal vesicles in the varicosities is high (especially compared with the nerves of the intestine) and vesicles usually occupy all the available space, besides a few elements of endoplasmic reticulum, some microtubules and a few small mitochondria. Some varicosities contain more than a thousand vesicles, spherical and 40-50 nm in diameter.
The axons, both their varicosities and their inter-varicose segments, are individually wrapped by glial cells and their processes. Adjacent axons are never in direct contact with each other, and some glia always lies between them (Fig. 4, e, f) . However, around the largest varicosities the glial wrapping is often incomplete and presents discontinuities that leave the axonal membrane uncovered and in direct contact with the basal lamina of the bundle (Fig. 4c) . These discontinuities in the glial covering are referred to as 'windows', and they are sites where the axons face directly the space around the bundle and may lie apposed to a muscle cell. Windows are, therefore, the sites where some of the axons can get very close to a muscle cell. The window can be quite extensive in the largest varicosities (Fig. 4a, c) . In some cases, the glial wrapping is absent altogether, and in serial sections it turns out that these cases are the terminal varicosities of an axon just before its termination (Fig. 5b) (Gabella, 1995) .
In spite of the marked closeness of varicosities to muscle cells, the structural relations between axons and surrounding cells present problems of interpretation. Outstanding among them is the one posed by the wide range of configurations encountered (Fig. 4) . Looking at any unbiased collection of images of axonal profiles, or at the entire population of axons in a large montage, one encounters a puzzling variety of configurations in the axon's structure and in the axons' relations to the muscle cells.
Some of this variability vanishes when muscle cells and axons are followed through serial sections that provide a complete three-dimensional view of a varicosity over a distance of a few micrometres. A large varicosity being a few micrometres in length, a reconstruction may require 50 consecutive sections (each about 100 nm thick) (Fig. 5a) .
In some reconstructions it is possible to see a small axon (an inter-varicose segment, little more Fig. 4 . Transverse (a to f) and longitudinal (g, h) sections through axons in the detrusor muscle of the bladder of a rat (width of the microscopic field: in a to f, ~2.8 μm; in g and h, ~6.5 μm). a. A large varicosity is packed with clear vesicles and has two small bundles of microtubules. The varicosity is close to three muscle cells, in a much confined space within the muscle, and has extensive areas of contact with each of them. There is no glia at all. b. To the left of centre is a small axon, less than one fifth of a micrometre in diameter, that is an intervaricose segment, containing only a small bundle of microtubules. In the top right corner is a small axon, with a mitochondrion and a few vesicles, which is fully wrapped by glial. c. A large varicosity with vesicle, some mitochondria and a few microtubules, is accompanied by a slender glial process, to the right, and lies close to muscle cells. At the bottom, in a part of the area of apposition between axon and muscle cell, the extracellular space is almost obliterated. d. A varicosity is accompanied by glial processes and shows a "window" where its membrane is close to the surface of a muscle cell. This varicosity has a vesicle-containing bulbous expansion (to the left) that deeply indents the surface of the muscle cell, almost obliterating the extracellular space. e. A varicosity packed with axonal vesicle and mitochondria is completely wrapped by a glial cell. This varicosity, followed in serial sections (not shown here), presents no area of proximity with a muscle cell. f. A varicosity, full of vesicles and mitochondria, has a glial wrapping that leaves two areas of the axon uncovered. The two "windows" are in contact with the basal lamina and with collagen fibrils and other elements of the extracellular space and are at some distance from muscle cells. Another, smaller axon occupied by seven microtubules is visible to the left of centre. g. Two varicosities, with vesicles, mitochondria and microtubules, and the intervaricose segment between them. The axon is, in this section, fully wrapped by glia. Collagen fibril, an uncovered axon and some small cellular processes occupy the space around. h. A varicosity with the intervaricose segments on either side. Axonal vesicles occupy only part of the axon and are clustered near the part of the membrane that is in closest contact with the muscle cell.
than a tenth of a micrometre in diameter, containing 1-6 microtubules) expanding into a varicosity of a micrometre or more, progressively loosing its glial wrapping and exposing more than half of its membrane, and getting very close (about 20 nm) to the surface of a muscle cell for a distance of two to four micrometres, before shrinking again and re-acquiring its full glial wrapping (Fig. 5a ).
Equivalent images of axons in longitudinal section confirm the radical change in axonal structure when the inter-varicose segment turns into a varicosity (Fig. 5, g, h) . And yet, one must assume that varicosities are not static structures: the axon grows, vesicles are renewed, materials are transported distalwards. However, what exactly does flow distalwards, and at what sites chemical materials are added or taken away, remains to be discovered. Along a chain of fifty or so varicosities in the terminal segment of the axon, the ones closest to the cell body are only tentative expansions; then, one finds that they are progressively wider, while the intervaricose segments become progressively narrower. Even when conveying in words these structural features, the temporal and spatial transitions within the axon (transfers in location and changes over time) often seem to be similar processes, both in the language of presentation and in the living muscle.
Very often, around the varicosities, the space between axonal membrane and muscle cell membrane is narrow and is devoid of extracellular structural elements (Fig. 4, a, c, d ). The same varicosity can be exposed to two or three muscle cells and may have a similar intimate relationship with each of them; this arrangement and the closeness of the muscle cells to each other, allow an isolated space to be formed, with the axon in its middle, a kind of chamber that is probably hardly reached by exogenously applied substances.
Serial sections allow true anatomical endings of the axons to be identified (Fig. 5b) . The term "nerve ending" can still be used to refer to a vesicle-laden varicosity, because there is no ambiguity about the fact that a varicosity is "en passage", except for a single one at the end of the axon.
Some axons present successive varicosities that are in contact with different muscle cells, and muscle cells are seen that have more than one varicosity abutting on them over a short distance, either from the same or from different axons (at this peripheral level, given the extent of axonal branching, two "different axons" may still be originating from the same ganglion neuron).
The observations make a strong case for suggesting that in the muscle of the bladder there are neuro-muscular junctions, in a strict sense: extensive areas of close contact between nerve endings and muscle cells that are relatively constant and stable, are numerically significant, are made possible by an opening of the glial wrapping, are accompanied by a massive expansion of the diameter of the axon and by a packing of many hundreds of axonal vesicles. However, there is very little structural specialization Fig. 5 . Two small selections of images from the serial sections through axonal varicosities in the bladder detrusor muscle of a rat. In both cases, the series starts at top left and continues from left to right and then from top to bottom, as in Roman script. Each frame is ~2 μm wide. a. The intervaricose segment of this axon is fully wrapped by a glia cell (Schwann cell). A little further along its length, the axon expands in diameter and becomes filled with vesicles and mitochondria, and a window appears in the glial wrapping. Part of the axolemma lie close and parallel to the membrane of a muscle cell. Over a distance of about two micrometres the axons acquire again a small diameter and turn into an intervaricose segment. b. An axon, presenting a varicosity, modest in size and with vesicles and mitochondria, gets close to the surface of three muscle cells. In this series of images, the axon is followed over a distance of less than three micrometres, up to its termination (it is absent in the last frame).
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of what can be regarded as the pre-junctional membrane, and no special structural feature in what can be regarded as the post-junctional membrane. This ultrastructural observation is no evidence against the occurrence of clustering of neuroreceptors in the post-junctional membrane, which has been shown to occur (Bennett, 1996) , even without obvious structural specializations. Notwithstanding the evidence provided by serial sections, some of the variability in the morphology of intramuscular axons remains unaccounted for. There are occurrences where one or two of the features used above to identify neuro-muscular junctions are found without the others, or are "uncoupled": "windows" appear on inter-varicose segments, or there is the exposed membrane of a varicosity far away from a muscle cells, or a vesicle-laden varicosity is fully surrounded by a glial cell. Apart from the possibility that some of the varicosities that are not in a neuro-muscular junction may be sensory axons (known to be present, even if in small number, within the detrusor), an additional consideration comes to mind for the discussion of this issue.
The expectation of a high regularity in the morphology of nerve endings may not be warranted without a better knowledge of the developmental principles at work. Any structural uniformity is the outcome of the morphogenetic processes in place, rather than deriving directly from any functional needs. These structures are dynamic, in the sense that they renew themselves, they grow and regenerate, and they maintain potential abilities to adjust to functional demands and to harms; they are plastic, in the sense that their structure is affected by the other elements of the tissue. A margin of structural variability -around a structural standard that is functionally optimal-would be an advantage in these processes.
The morphogenetic processes taking place in this tissue are virtually unknown. The axons that reach the bladder do not branch while they are within nerves; there is no evidence of branching for as long as the axons are located within a bundle, or a group of bundles, surrounded and sealed by a perineurium. The perineurium ends abruptly where the nerve trunks, after repeated branching, contain no more than about 12 axons; since the nerves that enter the rat bladder are made of 500-2,000 axons, there are 7-8 branching points within the neuronal tree of axon bundles (with an approximately equal number of axons going into either branch) before the axons emerge from the sealed environment provided by the perineurium. When the perineurium ends, the axons come to lie in the extracellular space of the muscle; the bundles continue to split, usually dichotomically, until there are mostly single, or isolated, axons. In addition, the individual axon, once it is outside the perineurium, divides (there are no quantitative data on this point) usually in a symmetrical manner, and develops varicosities, sometimes over a distance of hundreds of micrometres until it reaches its termination, or, rather, until all its branches reach their termination. This process involves the development in each axonal branch of some fifty varicosities, from tentative ones, to fully blown ones, to terminal ones. The branching of an axon takes place at the level of an inter-varicose segment.
Varicosities have some regularity in their sequence (spacing) along an axon and invariably the first varicosities are modest expansions, followed by progressively more prominent ones, and eventually by terminal ones. This suggests that varicosities originate by a process involving all the terminal, or intramuscular, part of the axon -and not just those portions of it that are close to the surface of a muscle cell. However, if that is the case, then it is inevitable that some varicosities will find themselves not sufficiently close to a muscle cell to form a neuro-muscular junction. It seem likely that, in the morphogenesis of this tissue, there are intrinsic processes within an axon, such as branching and turning varicose, that are permitted or induced by "signals" in the tissue being penetrated by the nerves, namely the detrusor muscle. In addition, discrete interactions between a varicosity and, for example, a particular patch of a muscle cell membrane stimulate the appearance of other specialized features, such as the exclusion of certain extracellular materials, as is seen at the neuro-muscular junctions.
The sensory fibres too in the bladder mucosa have a varicose pattern, but one that is not as pronounced as that of the motor fibres in the detrusor. Incidentally, axons can form varicosities in vitro, in the absence of any effector cells, although these expansions are not necessarily equivalent to those involved in neuromuscular transmission within the muscle. A distinct varicose pattern is not unique to axons, but is found in various biological structures.
Glial cells in detrusor muscle
In addition to muscle cells, the detrusor muscle comprises glial cells (or Schwann cells), which are part of the axon bundles. These cells wrap all axons individually and they extend along the nerves almost as far as the last varicosities of every axon. There is extensive contact of the glial cell membrane with the basal lamina, which is a single, uniform and continuous structure around the bundle (Fig. 4) . The separation between plasma membrane of axons (the axolemma) and plasma membrane of surrounding glial cell processes is very constant in width, suggesting the existence of specific molecular linkers between the two membranes.
Gap junctions between glial cells processes are seen occasionally, and longitudinal bundles of microtubules (parallel to the length of the nerve) are common. These two features suggest metabolic coupling between glial cells and the possibility of transport along the length of the nerve. Myelin sheaths are never formed within intramuscular axon bundles.
Non-muscle cells in detrusor muscle
Apart from axons and glial cells, very few non-muscle cells are found in the detrusor muscle. Blood vessels are rare, in the form of capillaries, and they lie in the spaces around the muscle bundles, rather than within bundles.
In the bladder of some species there are intramural nerve ganglia, some located immediately beneath the serosa, some intramuscular. In the guinea-pig, 2,000-2,500 neurons are seen in the bladder wall, in the form of either small ganglia of up to 40 neurons or individual neurons. They lie along nerve trunks and they issue axons into them; they are wrapped, indeed sealed, by a very thin capsule and are thus isolated for the interstitial space of the muscle. In other species, including humans, intramural neurons are occasionally observed, but no more than a few tens of them per bladder.
A few fibroblasts are observed in the detrusor muscle, in the interstices between muscle bundles. They have a small, elongated cell body, and their nucleus is oriented parallel to the adjacent muscle cells; laminar cytoplasmic processes, many times the length of the cell body, extend in all directions.
Apart from this small number of fibroblasts there is no evidence of other non-muscle cells such as those found in the small intestine.
Many vessels and mesenchymal cells occupy the tunica propria of the bladder, and cells more difficult to classify are occasionally seen just beneath the urothelium; these are observed also in the urethra.
Nerve endings of ileal musculature
In sharp contrast with the bladder (and the iris or the vas deferens), all the axons in the ileum are assembled into bundles; the pattern of innervation is a plexus, without points of termination, rather than a tree with terminal branches. The ileal musculature presents an innervation (or an apparatus for motility control) that is at variance with that of other visceral muscles and is more difficult to understand. In this respect, an account of the innervation of the ileal circular muscle is more challenging. The structure of the intramuscular nerve plexus is known in its outline; however, detailed reconstructions are not available. The clear images of the bladder nerve endings, including those that have been confidently interpreted as neuro-muscular junctions, have no equivalent in the ileal musculature and the gut musculature in general (Fig. 2) . Six structural features of the intestinal innervation are selected here as relevant to the present discussion.
One. Axons running singly, rather than in bundles, are rare. All the axons, including those with fully-fledged varicosities, are gathered into bundles, and only exceptionally they travel alone -and only for a short distance. The size of the intramuscular bundles varies from a hundred axons or so, down to a few units. In new-born and young animals, large bundles predominate; in aged animals, smaller bundles become more abundant; this is documented in the guinea-pig, but is also found in other mammals. Two. Several intramuscular axons display varicosities: these are the varicose segments of certain axons. Some of the varicose axons may not be recognized as such, in a transverse section, because they are sectioned through an intervaricose segment. However, given the relatively low frequency of varicosity profiles in transverse sections of the muscle, it can be assumed that many of the axons are not varicose; this, in turn, may indicate that these are axons that, while lying in the circular muscle layer, are far from their termination and are probably in transit to another destination.
Three. The varicosities are structurally not well defined, and in terms of maximum size (diameter), range of sizes and of content in axonal vesicles they are not as distinctive as those in the detrusor. Large varicosities are relatively infrequent in the ileum; the range in sizes is wide and it includes many varicosities that are only modest expansions of the axon; the content of axonal vesicles is often far from the dense packing of vesicles found in the nerve endings of the detrusor.
Four. Varicosities are most commonly found at the surface of an axon bundle, in contact with the basal lamina (as if a greater affinity existed between basal lamina and axolemma of varicosities, than between the axolemma of adjacent axons). Nevertheless, varicosities can be found also deep inside large axon bundles fully surrounded by many small axons. Five. By comparison with the nerves of the bladder, the glia (Schwann cells) is less well developed and provides a more limited wrapping to the axons. The majority of ileal axons lie in direct membraneto-membrane contact with each other, without intervening glia. Direct, membrane-to-membrane con-tacts between axons are not found in the axon bundles of the airways or the urinary tract, nor in the pelvic nerves or the vagus nerve. In contrast, they are quite common in the enteric plexuses and in intestinal intramuscular nerves-and more so in young animals than in aged animals.
Six. The position of a varicosity in relation to the structures adjacent to the axon bundle is very varied; the same applies to the nature or cell type of the closest neighbour, to the extent of separation between the two, and to the geometry and the frequency of any apposition. This point is significant given that storage and release of substances from the axon takes place at the level of its varicosities, and chemical transmission is confined to the varicosities, and not necessarily to all of them.
Further details on the spatial relations of the varicosities emerge from ultrastructural images. First, large varicosities located deep in an axon bundle, surrounded exclusively by other axons and glia, and without contact with the basal lamina, are not uncommon. Other varicosities, lying at the surface of a bundle, are exposed to the extracellular space at large, some micrometres away from the nearest non-neuronal cell. Some of these varicosities are close to the endothelial cells of a capillary, and the closeness of the two suggests the possibility of some reciprocal influence. Similarly, as regards fibroblast, pericytes and interstitial cells, some varicosities lie close to their surface, with membraneto-membrane separations of as little as 20 nm.
Lastly, some varicosities are close to a muscle cell; the distance varies and can be as little as 20 nm, and extracellular fibrils are excluded from the gap. However, the area of apposition is neither uniform nor extensive. Closer, wider and more uniform appositions between axons and muscle cells are found early in development, but they are less common in the adult.
Even without the backing, as yet, of a proper quantitative evaluation, none of the configurations listed above is an exceptional occurrence, and many examples of them can be collected. In fact, exceptional configurations do occur too, namely those of which one can produce no more than one or two examples; at this stage, however, it seems appropriate to concentrate on those configurations that, even when uncommon, are found with a certain consistency, in different preparations.
When wondering what to conclude from these structural observations, an additional problem arises. The large variability of configurations and the ill-defined appearance of several features, are puzzling. This is so, even when one takes into account that the evidence available is very limited and it is based on static images of a tissue that is highly dynamic, and that artifacts and poor preservation are common. Although the matter seems quite simple, it is in fact hard to establish if, and where, there is a direct and consistent process of transmission (referred to as communication, in some studies) between an axon and another cell, in an efferent or an afferent direction. The crucial point is that anatomical proximity -even when it is proven to be genuine, to be stable, to be consistent and to occur with some kind of frequency-anatomical proximity is not evidence of transmission between the two structures: a close contact per se is a permissive condition for interaction between the two structures, but not a sufficient evidence of communication to occur, in the absence of additional evidence, anatomical, chemical or functional.
A further aspect of the matter, at the root of the question of communication between any two cells or any two structures, is that of any affinity that may exist between them. In other words, what sort of affinity or attraction or solidarity does exist between those structures during development that leads to a physical closeness capable of supporting communication?
Upon surveying the ultrastructural evidence, it would be hard to deny that there is a direct in-fluence of axons on muscle cells (and of muscle cells on axons), or at least that there is a structural apparatus capable of doing that. Nevertheless, I would refrain from using the term "neuro-muscular junctions" for these sites in the intestine where axons and muscle cells get closest to each other. The defining features are not sufficiently distinct to warrant the use of a term laden with functional implications. One could refer to these areas of proximity between axonal varicosities and muscle cells as appositions or contacts, rather than junctions.
An influence of axons on other, non-muscle cells present within the muscle would be expected (from what is know about the peripheral nervous system) and many physiological studies provide evidence of it. Nevertheless the anatomical picture in the intestinal musculature is still highly incomplete. The enteric nerves have properties not found elsewhere among autonomic nerves. This and some similarities with the CNS are an old idea but there is little evidence as to what these properties are.
Non-muscle cells in ileal musculature
As to the non-muscle cells in the ileal circular muscle, axons and glial cells, and lymphatic and blood vessels have already been mentioned (para. 5).
Pericytes are found around all intramuscular blood vessels, which are mainly capillaries (Fig.   6b ). Pericytes are readily identified by their position. The cell body is ovoid, and an extensive array of laminar and finger-like processes is spread out as if to embrace the vessel. The processes can form close appositions with muscle cells, with endothelial cells and with fibroblasts. In addition, among non-muscle cells, there are single cells lying in the connective tissue septa, in the space between longitudinal and circular muscle, especially in the proximity of the myenteric ganglia, and in the gaps between the bundles of muscle cells. Some of these are ancient cells, already known in the nineteenth century (Cajal, 1895) . Dogiel (1899) called them "cells of Cajal" and regarded them as fibroblasts arranged in a reticular pattern, while Cajal (1911) called them interstitial cells or interstitial sympathetic neurons ("neurones sympathiques interstitiels"), on the assumption that they were nerve cells. Using various staining methods and different criteria for defining a cell type, many authors have studied these cells and have produced disparate hypotheses about their nature and function. The early electron microscopy studies in the 1960s identified them as glial cells (Taxi, 1965) or as fibroblasts (Richardson, 1960) . Thuneberg (1982) introduced the name interstitial cells of Cajal and put a. A complex cytoplasmic process expanding from the cell body of a fibroblast expands between several muscle cells. b. In the centre is an intramuscular blood vessel (with amorphous material derived from the plasma in its lumen). To the right is the cell body, with the nucleus, of a pericytes; small extensions of this cell, here appearing separated from the cell body, lie in contact with the endothelial cells of the vessel. To the left of the vessel is a fibroblast, with a triangular outline, and further to the left is an axon bundle with about two dozen axons and glial processes. Muscle cells are also visible. c. Two fibroblasts form a thin tubular structure enclosing a muscle cell and a large axon bundle. d, e, f. Three examples of non-identified cells situated between intestinal muscle cells. All three seem to be poorly differentiated and have too few structural features to allow a firm identification of a cell type. (Width of the microscopic field: in a, ~12 μm; in b, ~8 μm; in c, ~9 μm; in d to f, ~4 μm).
forward the hypothesis that they are pacemaker cells, a suggestion that turned out to be exciting and fertile. Subtypes of these cells have been described in various locations within the intestinal musculature and more recently in other visceral muscles. Komuro (1999) has fully illustrated the morphology and distribution of various classes of "interstitial cells of Cajal" through the ileal wall of the guinea-pig. The features and roles of these cells have been investigated to an exceptionally large extent (Sanders et al., 2010) . Firm views and detailed classifications are available in the literature, and they are not discussed here.
The evidence obtained on preparations of the type described above, in several species, shows and confirms that in the ileal muscle coat -well within the musculature-there are indeed cells that are not muscle cells, nor vessels, nor axons, nor glial cells, nor pericytes nor blood-borne cells; most of them show features typical of fibroblasts. The montages provide some comparative and quantitative data on their number, size, distribution and configuration. The utrastructural morphology of these cells is varied and complex to interpret. The majority have the appearance of fibroblasts, namely they have a small cell body from which long laminar processes usually issue in various directions. They have no basal lamina and have caveolae only in small number. Mitochondria, rough endoplasmic reticulum and Golgi units are the predominant organelles. The size of the nucleus is in the same range as in muscle cells. The cell processes lie along muscle cells, around blood vessels and around axon bundles. They are particularly well developed around large axon bundles, in a fashion reminiscent of the endoneurium of nerve trunks, and they become progressively less prominent as the axon bundles become smaller. These processes form close appositions onto each other and onto other cells, including muscle cells, axons, glial cells, endothelial cells and pericytes; gap junctions are among these areas of contact (they include heterologous gap junctions, that is, the uncommon gap junctions between cells of different type). By linking together with their long processes the cells form a three-dimensional framework within the muscle and around the myenteric plexus (Komuro, 1999) . Some vesicle-laden axonal varicosities can be found in close proximity of these cells and processes. The laminar processes just mentioned are oriented parallel to the muscle cells and around cylindrical structures such as axon bundles and capillaries (Fig. 6a) . The presence of fibroblasts with their extensive projections infiltrating spaces around axon bundles and between groups of muscle cells should facilitate the lateral displacement and the massive changes in shape (shortening and widening) of the muscle components occurring during contraction and with any wide change of the size of the lumen.
Although there is evidence that the muscle cells are able to synthetize and secrete collagen (an experimental evidence, however, that is as yet neither extensive nor strong, in the case of visceral muscle cells, except in vitro), the fibroblasts are the cells producing most of the collagen and other elements of the stroma of the muscle.
These considerations are not a challenge to any other of the possible roles advanced in the literature, but they suggest that the intramuscular fibroblasts, by virtue of their shape and position, can facilitate the structural re-arrangement accompanying contraction, in addition to their role of producing and maintaining the stroma. A mechanical role of intramuscular fibroblasts should be especially important in the intestinal musculature, which undergoes isotonic contractions to an extreme degree; there are also large passive changes in shape in a muscle layer when there is contraction in an adjacent layer. Non-contracting elements within the muscle, such as axon bundles and capillaries, would seem to be better insulated from mechanical trauma by being partly covered by the wide expansions of the fibroblasts.
In addition, however, while most of the cells of this group of non-muscle cells are or resemble fibroblasts, some present a different appearance (Fig. 6, d , e, f). These latter ones are even fewer in number, are about round in profile, are often perivascular, and have very little cytoplasm and few organelles. They show so few signs of differentiation that they can hardly be characterized, unless they are undifferentiated cells as such. Near the accessory muscle cells of the circular muscle there are cells with long interlinked processes branching around the axon bundles and spreading over adjacent principal muscle cells. The evidence, especially as regards the function of these non-muscle cells, is uncertain, and is hindered by an ambiguous nomenclature and by variations between species and organs. The structural analysis brings forth a critical problem. The morphology of cells may suggest that one is dealing with a certain cell type; however, shape, position, structure and many properties of cells are influenced by their location and their environment. The shape, or the appearance, alone, or the topographical distribution alone, offers weak criteria for identifying cell types.
It is not clear in principle how to define a cell type, even when the term is so widely used; an identification cannot be made on the basis of location per se, or on the basis of features that are imposed on the cell by the local environment. It is unlikely that the cells grouped under the label of interstitial cells can be properly classified without knowing the way they originate and the different paths along which they differentiate. These cells are of mesenchymal origin, as indicated by experiments in the chick (Lecoin et al., 1996) and the mouse (Young et al., 1996) but little is known about their differentiation.
Fibroblasts, stromal cells
Fibroblasts, or cells resembling fibroblasts, are, naturally, not unique to smooth muscles, but they are found in many other tissues. They are also found in most organs of the body, as part of the stroma, juxtaposed to the parenchyma of the organs, and have an essential role in holding the tissue together, by means of the three-dimensional network they form with their processes and by means of the extracellular materials they produce. For nearly a century fibroblasts, including human fibroblasts, have been the most common cell type isolated for in vitro culture experiments.
The ultrastructural appearance of fibroblasts is quite variable, depending on their location or their environment, and on their condition, for example, whether quiescent, motile, dividing, secreting; a difference in appearance, however, is not necessarily an indication of a different cell type. In the fibroblasts of smooth muscles, a small cell body usually issues several long laminar processes in various directions as flat expansions away from the cell body, which spread over and around adjacent cells. There is an extraordinary expansion of the cell surface over the cell volume. Points of contact and occasional specialized junctions are formed with other fibroblasts and with other cells of the tissue, and they can include gap junctions (Fig. 2, i, j, k) . The cells are dynamic, probably very mobile (also judging from the in vitro evidence); they emit lamellopodia (tapering, sometimes with bulging regions) and other processes. In situ it would be impossible for these cells to move equally freely; however, several of the configurations that are observed at any one instant within a tissue are unlikely to be stable over time.
Passive mechanical properties of tissues, including both resistance to deformations imposed on the tissue and compliance to them (with complete reversibility), depend to a large extent on the stroma and on the fibroblasts that produce it. Many additional properties are possessed, or can be acquired, by fibroblasts, and this is true also of fibroblasts of smooth muscles (Komuro, 1990) . The term "fibroblast" (rather than "fibrocyte") seems appropriate for these cells, to indicate their possessing a wide potential for differentiation towards different specializations. In other tissues, notably the heart, fibroblasts from adult animals can be transformed into pluripotent stem cells and these can be programmed to differentiate into cardiac myocytes (Takahashi et al., 2997; Qian et al., 2012) .
A re-evaluation of the nature of fibroblasts, and of cells identified as fibroblast-like, has been promoted by Komuro (1990) . The variety of these cells' morphology is much wider than accounted for in the literature, and additional functional roles are emerging.
Even with the uncertainty about the identification of cell types, the fibroblasts serve many roles in the same and in different tissues, and their morphology is correspondingly varied. For example, in tendons, fibroblasts are the only cells present, and they are regularly spaced apart, and emit 3-5 very long lamellar expansions, radially oriented, each of which joins at its end a lamella from a neighbouring cell; a three-dimensional network is formed, which is occupied by the massive amount of collagen fibres.
Other visceral muscles
A comparative approach that includes different visceral muscles and animal species has merit, both in principle and in practice. Morphological differences between animal species in the musculature of the small intestine and its innervation may deserve more attention than they have received. Nevertheless, the structural plan is very similar, or, in other words, well conserved in different species. In many cases, species differences in a given muscle are less prominent than the differences between two different muscles in the same species, and this is true also as regards the non-muscle cells.
Even within the small intestine of a single species there are variations, or gradients, along its length: for example, in the thickness of the layers, the ratio of longitudinal to circular muscle, the frequency of gap junctions.
In the stomach (leaving aside the marked regional differences) all muscle layers are well endowed with axon bundles, and some axonal varicosities lie close to muscle cells. An idea of the frequency of various cells is given by a montage of the guinea-pig circular muscle of the fundus (not shown here): of 53 nuclei appearing in the montage, 43 are of muscle cells, five of glial cells, one of an endothelial cell and seven of other non-muscle cells: the latter were all identified as fibroblasts, with the appearance outlined in the previous section.
The tenia coli of the guinea-pig is remarkably similar in fine structure to the small intestine; a major difference, however, is the virtual absence of gap junctions in the tenia. Non-muscle cells of the various types are equally few in number, but well in evidence. The fibroblasts have particularly long laminar processes, which can wrap fully around a group of muscle cells or a capillary or a large axon bundle. Large montages have allowed quantitative studies to be made, following the structural changes in muscle and nerves from birth to old age (Gabella, 2002) . A significant conclusion has been that there are slow but unending structural changes in the relationship between the muscle cells, and between axons and glia, and between axons and muscle cells.
The tenia coli of the rabbit, in contrast, is richly endowed with elastic fibres, in the form of large cables and ribbons, running longitudinally and tightly linked to the muscle cells. The rabbit tenia coli is an extreme, and rare, example of a visceral elastic smooth muscle, and it displays characteristic attachments of the muscle cell membrane to elastic fibres.
In the ileum of animal species of large body size (sheep, humans, cattle, horses) the size of muscle cells is in the same range as in small species. The distribution of nerves within the muscle is similar except that the number of intramuscular axon bundles does not grow in proportion to the growth of the muscle: in large species there are fewer axonal bundles for a given volume of musculature. It seems that, in general, each nerve or each axon serves a larger amount of tissue, or a larger number of muscle cells, in a big animal than in a small one. Some of these variations are in line with general scaling principles and with metabolic constraints. For example, the percentage volume of mitochondria in muscle cells is around 4% in large animal species but around 7% in the ileum of mice and shrews. The percentage of intramuscular collagen is somewhat greater in large animals.
The ileum of the mouse is an attractive example of miniaturization (Fig. 7) . The density of innervation is higher than in other species studied (Fig. 7b) . There are close contacts of axonal varicosities and muscle cells (Fig. 7, c, d ). The layer of accessory muscle cells is well in evidence (Fig. 7a) . Many of the small axon bundles, where varicose axons are more abundant, are not accompanied by non-muscle cells (Fig. 7d) . The latter are infrequent, but they have a distinctive morphology.
In all visceral muscles, leaving aside the structural changes in the relations between cells that take place during contraction and elongation and shortening, especially in the wall of a hollow organ, there are additional complexities, for example those documented by the changes in the course of development and ageing, and in experimental conditions.
In the hypertrophy of the gut orad to a partial, chronic obstruction of the lumen, there is a very extensive growth of the musculature. While there is substantial growth of the nerve cells within the nerve ganglia, the intramuscular nerve fibres grow much less than the muscle cells, and the innervation becomes considerable sparser. Angiogenesis within the musculature accompanies the muscle hypertrophy, whereas fibroblasts and other non-muscle cells appear hardly involved in the process.
Some smooth muscles are devoid of nerves, notably the media of elastic arteries (where, in mammals, fibroblasts are usually absent), but also some special smooth muscles, such as that of the avian amnion. The musculature of trachea and bronchi is well innervated and it contains very few other nonmuscle cells.
Conclusions
Morphology, and particularly the investigation of the ultrastructure, is regarded in this essay as an attractive starting point to analyse smooth muscle physiology.
Smooth muscles of viscera are tissues, or co-operatives of cells, in which the predominant smooth muscle cells are closely associated with several other cell types -structurally, functionally and developmentally.
Several groups of non-muscle cells are recognized: among them are axons, glial cells, pericytes, endothelial cells, fibroblasts and other cells that can resemble fibroblasts, as well as un-specialized cells. All these cells can get close to any of the others, with their cell body and processes (there are hardly any exclusion rules).
Sites of close approach, appositions between the cell membranes, interpenetrations of cell processes, and specialized junctions are abundant. Some of the contacts may be transient or casual, others may be firm and durable.
When a certain pairing between two structures is stable and is found consistently, then the important question is which morphogenetic process has lead to that pairing and how is the pairing maintained.
In the case of the less specialized cell-to-cell contacts, problems arise because closeness does not necessarily imply interaction, when no other evidence is available. Proximity is a permissive condition, or a facilitatory condition, but it is not evidence of functional interaction.
Nerve endings in the proximity of muscle cells are common in the majority of visceral muscles. The possibility of an extensive direct interaction between nerve endings and muscle cells is supported by the ultrastructural evidence.
In the urinary bladder, close appositions between vesicle-loaded varicosities and muscle cells are very common. They are regarded as proper neuro-muscular junctions because of certain features: they are extensive areas of close contact between nerve endings and muscle cells that are relatively constant and stable, are numerically significant, are made possible by an opening of the glial wrapping (the formation of a window), are accompanied by an expansion of the axon and by a dense packing of axonal vesicles in it.
Besides the varicosities involved in highly specialized neuro-muscular junctions there are varicosities that appear "stranded" and without a target, or that are several micrometres away from the nearest neighbouring cell. Possibly we are witnessing the interplay of two processes: one, an intrinsic differentiation of the axonal structure, i.e., branching, forming of varicose expansions, at the sites where the axon reaches the intercellular space of the muscle; and, two, a topical or localized process, where axon and effector happen to be close to each other, and a site for specialized interaction emerges.
There are intriguing and elusive aspects in the ileal musculature and in some other muscles of the gut. The innervation, or the motor control, presents a harder problem. Contacts between axons and muscle cells are common, and it would be hard to deny the possibility of a direct influence of axons on muscle cells. However, the contacts are less frequent than, for example, in the bladder; they are also less extensive and they are less close. Varicosities are, on average, smaller and less well endowed with axonal varicosities. It is difficult to see the emergent properties and the full significance of the structures observed.
Muscle cells are substantially uniform in various visceral muscles; however, local specializations and peculiarities are common, even if they have not been properly studied. An outstanding example is a special layer of circular musculature in the ileum, which is highly distinctive structurally, but is as yet without a recognized functional role.
In all the gastro-intestinal muscles the predominant non-muscle cells are fibroblasts, i.e. cells that cannot be distinguished by simple ultrastructural features from the fibroblasts present in most organs of the body.
Fibroblasts are the main cellular element of the connective tissue septa of smooth muscle, and they must be responsible for the production of the abundant extracellular materials found there.
Major mechanical processes of the intestinal wall, such as vast changes in shape, transmittal of force, marked strength and deformability, depend on the properties of the connective tissue, in particular on the amount and orientation of collagen and elastic fibres, which are the product of fibroblasts.
A mechanical role for fibroblasts is paramount in smooth muscles. There, they may facilitate changes in shape of muscle cells and bundles during isotonic contractions and may provide mechanical protection to nerves within the muscle. The possibility that they also have other crucial roles, as suggested by many studies, is unaffected by the suggestion presented here. In fact, there is strong evidence that fibroblasts can differentiate towards more specialized roles, in certain organs and tissues.
Fibroblasts are found in all tissue of mesenchymal origin; it is common for fibroblasts to emit laminar processes that wrap around adjacent structures and are linked to each other by firm junctions, and build up a three-dimensional framework.
As to the cells that have only a resemblance to fibroblasts, and other altogether different nonmuscle cells, about which there are many studies in the literature, the ultrastructural data available are not particularly helpful. Identification of cell types by electron microscopy is a difficult matter. Morphological features are greatly affected by the functional state of a cell; the cell's location and environment are additional sources of variability. Without a good idea of the origin of a cell (its developmental history) and the nature of its precursors, its classification is often dubious.
In spite of the significance of the data produced, ultrastructural studies have limitations for understanding the role played by various cells in smooth muscles: static views, limited sampling, modest quantification, poor statistics, artifacts, difficulty in balancing over-interpretation and under-interpretation, anthropomorphic readings of morphology, vague terminology. There are, however, also rewarding aspects, as claimed in this essay, even when the limitations loom large, and they seem to restrict the possible interpretation of the functional data, rather than expanding them.
